Abstract: Increasing evidence suggests that the gut microbiota plays vital roles in metabolic diseases. Polygonatum odoratum extract alleviates hyperglycemia and hyperlipidemia, but the underlying mechanism remains unclear. This study investigated the effects of P. odoratum polysaccharides (POPs) on high-fat diet (HFD)-induced obesity in rats and whether these effects were related to modulation of gut microbiota. POP treatment attenuated weight gain, fat accumulation, epididymal adipocyte size, liver triglycerides, and total liver cholesterol content in HFD-fed rats. POP administration also increased short-chain fatty acids (SCFAs), including isobutyric acid, butyric acid, and valeric acid. POP upregulated the expression of genes involved in adipocyte differentiation (Pparg, Cebpa, Cebpb) and lipolysis (Ppara, Atgl), and downregulated those related to lipid synthesis (Srebpf1, Fabp4, Fas), with corresponding changes in PPARγ and FABP4 protein expression. Finally, POP enhanced species richness and improved the gut microbiota community structure, reducing the relative abundances of Clostridium, Enterococcus, Coprobacillus, Lactococcus, and Sutterella. Principal coordinates analysis (PCoA) revealed a clear separation between HFD-fed rats and all other treatment groups. Correlation analysis identified negative and positive associations between obesity phenotypes and 28 POP-influenced operational taxonomic units (OTUs), including putative SCFA-producing bacteria. Our data suggest that POP supplementation may attenuate features of obesity in HFD-fed rats in association with the modulation of gut microbiota.
Introduction
Globally, obesity has increased at an alarming rate. In 2016, the World Health Organization found that 39% of adults worldwide were overweight, while 13% were obese [1] . This trend is a critical public health concern, given the link between obesity and chronic illnesses, including type II diabetes, cardiovascular disease, cancer, and fatty liver disease [2] . High energy intake and lack of physical activity are largely responsible for the dramatic increase in obesity rates. However, the development of obesity involves a host of complex interactions between genetics and the environment. Growing evidence has linked gut microbiota composition to changes in body weight and energy homeostasis [3, 4] . Specifically, higher proportions of pathogenic Sutterella, Desulfovibrionaceae, Streptococcaceae, and Clostridium species are positively correlated with obesity development [5] [6] [7] [8] . Furthermore, proportions of beneficial gut microbes (e.g., Bifidobacterium, Lactobacillus, Akkermansia muciniphila) decrease with weight gain associated with a high-fat diet (HFD) [8, 9] . The anti-obesity effects of gut bacteria may be attributable to their generation of metabolites, such as short-chain fatty acids (SCFAs) and bile acids [10] . Both of these compounds have positive influences on defense-related processes, including immunity, inflammation, and lipid and glucose metabolism [3] . Thus, regulating intestinal microbiota dysbiosis is an effective method for preventing obesity and associated diseases [11, 12] .
Plant-based polysaccharide supplementation appears to protect against obesity-related metabolic syndrome [13] , preventing weight gain, enhancing immunity, and improving gut microbiota composition in experimentally obese mice [11, 14] . A promising source of polysaccharides is Polygonatum odoratum (Mill.) Druce, a traditional Chinese herb used as a preventative measure against diabetes, hyperlipidemia, and some cancers [15] [16] [17] . P. odoratum polysaccharides (POP) have been confirmed to be the primary contributor to the majority of observed benefits [18] . In experimentally induced obese mice, POP ameliorates metabolic disorders and enhances the mRNA expression of peroxisome proliferator-activated receptors (PPARs) [19] , while preventing CCl 4 -induced liver oxidative injury [20] . Our previous in vitro study demonstrated that polysaccharides from P. odoratum rhizomes exerted antioxidant and antimicrobial activity against the pathogenic bacteria Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Escherichia coli [21] . Furthermore, Polygonatum kingianum polysaccharides significantly improve gut microbiota composition, decreasing the risk of type II diabetes [22] . Despite these promising findings, there is a lack of concrete data regarding whether POP modulates the gut microbiota in response to obesity.
Thus, this study aimed to investigate whether POP treatment prevents the development of obesity and modulates gut microbiota dysbiosis in obese rats. More importantly, we aimed to identify potential correlations between POP treatment and changes in the gut microbiota, providing potential insight into gut microbiota-related mechanisms underlying the anti-obesity effects of POP.
Results

Response of Obese Rats to POP Treatment
During establishment of the model (modeling time), total energy intake in the HFD group was higher than that in the normal control (NC) group ( Figure 1A ). In addition, during treatment, total energy intake in the HFD group was higher than those of all other groups [NC, HFD + simvastatin (SIM), HFD + POP] ( Figure 1B ). After eight weeks of HFD feeding, the average body weight of HFD rats was 22.63% higher than that of NC ( Figure 1C ). By week 14 (end of experiment), feeding of the HFD had significantly increased body weight, epididymal and perirenal fat accumulation, epididymal adipocyte size, and hepatic triglyceride (TG) and total cholesterol (TC) content (all p < 0.05; Figures 1D-I and 2A,B) . Notably, the POP and SIM treatments significantly decreased weight gain, body fat accumulation, epididymal adipocyte size, and hepatic TC content compared with those in the HFD-only group (all p < 0.05; Figures 1E-I and 2B). Moreover, POP also significantly reduced liver TG content (p < 0.05; Figure 2A ). Thus, POP appears to attenuate body weight gain and fat accumulation in rats with HFD-induced obesity by regulating total energy intake. Epididymal adipocyte microsections. (I) Epididymal adipocyte size evaluated by ImageJ software. NC = normal control, HFD = high-fat diet, HFD + SIM = HFD with simvastatin (1.8 mg/kg), HFD + POP = HFD with P. odoratum polysaccharides (400 mg/kg). AUC = Area under curve. All data are presented as means ± SEM. ** p < 0.01 for HFD (n = 30) versus NC (n = 10) in (C). a-c Mean values not sharing a common superscript were significantly different among the groups (n = 10 for each) (p < 0.05).
e Figure 2 . Effects of POP on TG (A) and TC (B) content in the livers of HFD-fed rats during the first six weeks. NC = normal control, HFD = high-fat diet, HFD + SIM = HFD with simvastatin (1.8 mg/kg), HFD + POP = HFD with P. odoratum polysaccharides (400 mg/kg). All data are presented as means ± SEM. a-c Mean values not sharing a common superscript were significantly different among the groups (n = 10 for each) (p < 0.05).
Polysaccharide Treatment Altered the Expression of Lipid Metabolism-Related Genes in Adipose Tissue
Compared with those in the NC group, HFD-fed rats exhibited upregulation of mRNAs encoding fatty acid synthase (Fas), sterol regulatory element-binding transcription factor 1 (Srebf1), and fatty acid binding protein 4 (Fabp4) ( Figure 3C ,D,F), along with downregulation of those encoding peroxisome proliferator-activated receptor α (Ppara), PPARγ (Pparg), adipose triglyceride lipase (Atgl), CCAAT/enhancer-binding protein α (Cebpa), and Cebpb ( Figure 3A ,B,E,G,H). When obese rats were treated with POP, however, expression of Fas, Srebf1, and Fabp4 significantly decreased (p < 0.05) ( Figure 3C ,D,F), while that of Ppara, Pparg, Atgl, Cebpa, and Cebpb increased (p < 0.05) ( Figure 3A ,B,E,G,H). In particular, the HFD + POP and NC groups did not significantly differ in expression of Ppara, Pparg, Atgl, Fabp4, Cebpa, and Cebpb ( Figure 3A ,B,E,F,G,H). Besides, the former group exhibited lower Fas mRNA expression (p < 0.05) ( Figure 3C ). Effects of POP on TG (A) and TC (B) content in the livers of HFD-fed rats during the first six weeks. NC = normal control, HFD = high-fat diet, HFD + SIM = HFD with simvastatin (1.8 mg/kg), HFD + POP = HFD with P. odoratum polysaccharides (400 mg/kg). All data are presented as means ± SEM. a-c Mean values not sharing a common superscript were significantly different among the groups (n = 10 for each) (p < 0.05).
Compared with those in the NC group, HFD-fed rats exhibited upregulation of mRNAs encoding fatty acid synthase (Fas), sterol regulatory element-binding transcription factor 1 (Srebf1), and fatty acid binding protein 4 (Fabp4) ( Figure 3C ,D,F), along with downregulation of those encoding peroxisome proliferator-activated receptor α (Ppara), PPARγ (Pparg), adipose triglyceride lipase (Atgl), CCAAT/enhancer-binding protein α (Cebpa), and Cebpb ( Figure 3A ,B,E,G,H). When obese rats were treated with POP, however, expression of Fas, Srebf1, and Fabp4 significantly decreased (p < 0.05) ( Figure 3C ,D,F), while that of Ppara, Pparg, Atgl, Cebpa, and Cebpb increased (p < 0.05) ( Figure 3A ,B,E,G,H). In particular, the HFD + POP and NC groups did not significantly differ in expression of Ppara, Pparg, Atgl, Fabp4, Cebpa, and Cebpb ( Figure 3A ,B,E,F,G,H). Besides, the former group exhibited lower Fas mRNA expression (p < 0.05) ( Figure 3C ).
Treatment with SIM significantly decreased Fas mRNA expression (p < 0.05) and increased Ppara and Cebpa mRNA expression (both p < 0.05) compared with levels in the HFD group (Figure 3A Treatment with SIM significantly decreased Fas mRNA expression (p < 0.05) and increased Ppara and Cebpa mRNA expression (both p < 0.05) compared with levels in the HFD group ( Figure  3A,C,G) . Similarly, POP significantly increased HFD-induced inhibition of PPARγ protein expression and attenuated FABP4 protein expression compared with those in the HFD group (Figure 4) . Therefore, POP may reduce lipid accumulation by regulating the expression of genes involved in lipid metabolism in rats with HFD-induced obesity. 
POP Induced Structural Changes in Gut Microbiota
After removing low-quality sequences, we obtained 10,490,150 raw reads (24 samples, n = 6 for each group), with an average of 437,089 ± 14,795 reads per sample. We then generated 9,355,208 clean reads, averaging 748,416 ± 13,009 per fecal sample. Rarefaction analysis suggested that the current sequencing depth successfully captured rare and new phylotypes, as well as the majority of gut microbial diversity ( Figure 5 ). The HFD group exhibited significantly fewer observed species and a significantly lower Chao index (i.e., species richness) (p < 0.05) compared to those in the NC group ( Figure 5A,B) . However, the Shannon index (species diversity) in the HFD group was lower than that in NC rats, although this difference was not statistically significant (p > 0.05, Figure 5C ). Under POP treatment, the Chao index was significantly higher than that in the HFD group (p < 0.05), while both the Shannon index and observed species number tended to be higher as well (p = 0.07 and 0.08 respectively). These results support the view that POP ameliorates decrease in gut microbiota richness stemming from obesity. 
After removing low-quality sequences, we obtained 10,490,150 raw reads (24 samples, n = 6 for each group), with an average of 437,089 ± 14,795 reads per sample. We then generated 9,355,208 clean reads, averaging 748,416 ± 13,009 per fecal sample. Rarefaction analysis suggested that the current sequencing depth successfully captured rare and new phylotypes, as well as the majority of gut microbial diversity ( Figure 5 ). The HFD group exhibited significantly fewer observed species and a significantly lower Chao index (i.e., species richness) (p < 0.05) compared to those in the NC group ( Figure 5A ,B). However, the Shannon index (species diversity) in the HFD group was lower than that in NC rats, although this difference was not statistically significant (p > 0.05, Figure 5C ). Under POP treatment, the Chao index was significantly higher than that in the HFD group (p < 0.05), while both the Shannon index and observed species number tended to be higher as well (p = 0.07 and 0.08 respectively). These results support the view that POP ameliorates decrease in gut microbiota richness stemming from obesity.
UniFrac-based principal coordinates analysis (PCoA) results revealed a distinct clustering of the gut microbiota composition for each treatment group, with the HFD group clearly separated from the remaining three groups ( Figure 6A ). As expected, POP treatment increased the similarity between the overall gut microbiota compositions of the HFD + POP and NC groups, suggesting that POP had substantial effects on the gut microbiota composition of HFD-fed rats. Similarity analysis (ANOSIM, Figure 6B ) showed that the distances between groups were significantly larger than those within groups (R = 0.471 and p = 0.001).
Taxonomic analysis suggested that the fecal microbiota was represented by four major phyla: Firmicutes, Bacteroidetes, Proteobacteria, and Spirochaetes ( Figure 6C ). Neither Firmicutes (F) and Bacteroidetes (B) abundances, nor the F/B ratio, significantly differed among the four treatment groups ( Figure 6D ). In contrast, HFD feeding significantly increased the relative abundance of Actinobacteria, compared to that in the NC group (p < 0.05; Figure 6E ). However, POP treatment significantly reversed this HFD-induced increase (p < 0.05) and tended to have an inhibitory effect on the relative abundance of Proteobacteria (p = 0.08; Figure 6E ). At the genus level, HFD significantly enhanced the relative abundances of Coprobacillus, Lactococcus, and Sutterella (all p < 0.05; Figure 6F ,G). The relative abundances of Coprobacillus and Sutterella were restored to NC levels upon POP and SIM treatment (both p < 0.05). Likewise, Clostridium, Enterococcus, and Lactococcus relative abundances also decreased in the HFD + POP group compared with those in the HFD group (p < 0.05; Figure 6F ,G).
Key Phenotypes Responding to POP Treatment of HFD-Fed Rats
We identified 5124, 3617, 4984, and 4464 operational taxonomic units (OTUs) in the NC, HFD, HFD + SIM, and HFD + POP groups, respectively. HFD treatment significantly altered the abundances of 50 OTUs, among which 22 were enriched while the other 28 were reduced compared with those in the NC group ( 
POP Regulated SCFAs in Feces
Apart from a reduction in total SCFAs in the HFD + SIM group, the remaining groups (NC, HFD, HFD + POP) did not significantly differ in SCFA levels (Table 1) . When comparing the HFD Spearman's correlation analysis identified 28 key variables that were significantly altered after POP treatment and negatively or positively correlated with alterations in body weight gain, epididymal fat, perirenal fat, and hepatic TG and TC levels ( Figure 7 ). Among them, five families were negatively correlated with obesity parameters: Paraprevotellaceae (OTU0012, OTU1365, and OTU0005 from Bacteroidetes), Prevotellaceae (OTU0994 from Bacteroidetes), S24-7 (OTU1497, OTU0024, OTU0030, OTU0051, and OTU0080 from Bacteroidetes), Spirochaetaceae (OTU0359 and OTU0998 from Spirochaetes), and Ruminococcaceae (OTU0442 from Firmicutes). In contrast, seven families were positively correlated with obesity: Paraprevotellaceae (OTU0055), Porphyromonadacea (OTU0151 and OTU0061), S24-7 (OTU0173, OTU0036, and OTU0010), Lachnospiraceae (OTU0648, OTU0776, OTU0137, and OTU0215), Ruminococcaceae (OTU0873), Moraxellaceae (OTU0404), Alcaligenaceae (OUT0028, OTU0914, and OTU0348), and Corynebacteriaceae (OTU0225). Taken together, the results demonstrate that POP treatment modulates HFD-induced gut microbiota dysbiosis, resulting in the restoration of a microbiota community similar to that in controls.
Apart from a reduction in total SCFAs in the HFD + SIM group, the remaining groups (NC, HFD, HFD + POP) did not significantly differ in SCFA levels (Table 1) . When comparing the HFD group to the NC group, however, propionic acid, butyrate acid, and valeric acid concentrations in the former were reduced by 18.41%, 77.15%, and 27.84%, respectively. Furthermore, POP treatment increased concentrations of isobutyric acid (by 47.03%), butyrate acid (587.41%), and valeric acid (93.42%) compared to those in the HFD group. In contrast, the HFD and HFD + SIM groups did not significantly differ in the production of butyric acid or valeric acid. All data are presented as means ± SEM. a-c Mean values not sharing a common superscript were significantly different among the groups (n = 6 for each) (p < 0.05).
Discussion
In this study, we found that POP supplementation ameliorated negative effects of obesity, including weight gain, increased adipocyte size, and elevated liver TG/TC levels, in line with several previous studies [17, 23] .
Dietary polysaccharides generally escape digestion in the stomach and the small intestine, reaching the large intestine, where they are available for fermentation and thereby enhance the growth of beneficial bacteria and improve intestinal microbial diversity [24] . In addition, the gut microbiota may regulate energy harvest, which is related to lipid metabolism and the development of obesity [25] . Furthermore, numerous reports have indicated that dietary polysaccharides from plants reduce physiological risk factors (e.g., obesity, hyperlipidemia, and inflammation) by modulating the gut microbiota [11, 13, 26] . Therefore, we speculated that the inhibitory effect of POP on body weight gain and fat accumulation in our study may be owing to the modification of the HFD-fed obese rat gut microflora. We found that while POP had no significant effect on the relative abundances of Firmicutes (F) or Bacteroides (B), the F/B ratio, or species diversity (Shannon's diversity), POP supplementation enhanced overall species richness (Chao index). Notably, there was also no significant difference in the Firmicutes and Bacteroides relative abundances or species diversity between the HFD and NC groups. This result is similar to the findings of Zhen et al. [14] , who reported that Fuzhuan brick-tea polysaccharides increased species richness but had limited effects on the relative abundances of Firmicutes and Bacteroides. Shannon's diversity is an indicator of species evenness in samples [27] . Although POP significantly increased the abundances of certain taxa, the species evenness of the HFD + POP group was not increased, as no significant difference was observed in Shannon's index between the HFD and HFD + POP groups. Moreover, POP treatment reduced levels of some Firmicutes subgroups but not others, while only one Bacteroidetes subgroup experienced a decline. Thus, supplementation-related weight loss may affect these subgroups differently [28] . We also observed a significant decrease in Actinobacteria abundance after POP supplementation, suggesting an anti-obesity effect, as this bacterial phylum has been linked to obesity [29, 30] . Likewise, POP tended to reduce levels of Proteobacteria, a major phylum of pathogenic gram-negative bacteria [31, 32] . Our results showed that POP intake also reduced the abundance of Sutterella, corresponding to a previous report by Tang et al. showing that polysaccharides derived from purple sweet potato reduced the abundance of Sutterella (a member of the Proteobacteria) compared with that in cyclophosphamide-treated mice [33] .
Our correlation analyses revealed 28 key OTUs that were significantly associated with at least one obesity parameter. Treatment with POP significantly enhanced the relative abundances of 12 OTUs that may represent beneficial gut flora. These 12 OTUs were negatively correlated with obesity phenotypes and produce SCFAs through fermenting undigested polysaccharides [34, 35] . Several of these OTUs correspond to bacteria that have previously been associated with obesity-mitigating effects, such as Lachnospiraceae, S24-7, and Ruminococcaceae [14, 22] .
Treatment with POP also significantly reduced the proportions of 16 OTUs that were positively correlated with obesity phenotypes. Four of these genera (Corynebacterium, Clostridium, Parabacteroides, and Sutterella) have been implicated in obesity-related metabolic disorders [36] [37] [38] . Furthermore, OTU_0225 and OTU_0776 were significantly correlated with epididymal fat, perirenal fat, and liver TC, indicating that they may be central to the mechanism by which POP ameliorates obesity. Gene sequencing data revealed that OTU_0776 corresponds to Clostridium aldenense, a common pathogen [39] . The present results further illustrate that the anti-obesity activity of POP may be associated with modulation of the gut microbiota.
Polysaccharides are not digestible by gastrointestinal digestive enzymes but can be fermented by gut microbiota. This process produces beneficial metabolites, most notably SCFAs (acetate, propionate, butyrate, and valerate). High SCFA levels are unfavorable to several potentially pathogenic bacteria [40] but promote the proliferation of Bacteroides, Ruminococcus, Lactobacillus, Prevotella, and Butyricicoccus [41, 42] . Our results showed that POP upregulated isobutyric acid, butyric acid, and valeric acid in HFD + POP-fed rats, resulting in changes to Ruminococcus and Prevotella abundance. Similar findings have been reported for seaweed polysaccharides, which enhance SCFA production by stimulating the growth of beneficial microbes (Ruminococcaceae, Bacteroidetes, and Lactobacillus) [43] . These results indicate that POP enhances the growth of SCFA-producing bacteria in the gut, such as Ruminococcus and Prevotella.
The present study revealed that POP supplementation reduced the expression of Fas, Srebf1, and Fabp4 in adipose tissues of HFD-fed rats, while increasing the expression of Ppara, Pparg, Atgl, Cebpa, and Cebpb. All of the corresponding proteins are involved in lipid metabolism. PPARα modulates the transcription of genes involved in fatty acid oxidation and energy expenditure [44] , as well as increasing fatty acid combustion, which leads to a reduction in hepatic TG content [45] . Moreover, SREBP-1c activates the transcription of genes involved in fatty acid and TG synthesis, such as Fas [46] . PPARγ plays an important role in maintaining lipid homeostasis by controlling the expression of genes functioning in lipid and carbohydrate metabolism [47, 48] . PPARγ activation may promote adipocyte differentiation and fat accumulation [49] [50] [51] but also promotes fatty acid oxidation; increases small, relatively insulin-sensitive adipocytes [44] ; and attenuates inflammation [52, 53] . Our findings are supported by previous studies demonstrating that Rhizoma Polygonati Odorati extracts from the root of P. odoratum upregulate PPARγ expression and downregulate FABP4 expression in the adipocyte tissues of HFD-fed obese rats [19] . In contrast, other studies have shown that HFD feeding increases Pparg expression, whereas resveratrol and germacrone decrease Pparg mRNA expression compared with that in HFD-fed mice [54, 55] . These inconsistent results may be partially due to differences in treatment conditions, diet ingredients, experimental duration, and species. Moreover, because SCFAs are PPARγ modulators [36] , dietary changes may alter SCFA profiles and, in turn, PPARγ signaling. Previous research has indicated that butyrate supplementation upregulates PPARγ expression in pig adipocytes [56] and prevents diet-induced obesity by increasing energy expenditures [57] . Therefore, our results suggest that POP may induce butyrate production and thus alter Pparg, Ppara, and adipogenesis-related gene expression. As a result, obesity-related symptoms are suppressed. 
Materials and Methods
Animals
Animal Diets
Subjects had ad libitum access to food and water. The control chow diet (total energy content: 3.6 kcal/g) consisted of 72.3%, 19.7%, and 10% of kilocalories from carbohydrates, protein, and fat, respectively. The HFD (total energy content: 4.6 kcal/g) contained 46.4%, 19.6%, and 34.0% of kilocalories from carbohydrates, proteins, and fat, respectively. Chow was ordered from Botai Hongda Biotechnology Co. (Beijing, China).
Reagents
POP of 98% purity was purchased from Shaanxi Ciyuan Biotechnology Co. (Xi'an, China). SIM from Mo Sha Dong (Hangzhou, China) was used as the reference hypolipidemic drug. High-purity SCFA standards-including acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid-were purchased from Sigma Aldrich Chemical, Co. (St. Louis, MO, USA). All other chemicals used were of analytical grade.
Experimental Design
After one week of acclimatization, rats were randomly assigned to two groups fed different chows: (1) NC (n = 10) and (2) HFD (n = 30). The HFD rats were considered obese after eight weeks (HFD rats exhibited 20% higher body weight than NC rats [58] ) and were randomly divided into three groups of 10 rats each: (1) HFD-only; (2) HFD + SIM, fed an HFD and intragastrically administered 1.8 mg/kg body weight SIM once daily [59] ; and (3) HFD + POP, fed an HFD and intragastrically administered 400 mg/kg body weight POP once daily [60] . From week 9, the NC and HFD groups were given 400 mg/kg sterile saline intragastrically.
During the experiment, rats were weighed once weekly. The experiment ended on week 14, when fecal samples of all rats were collected, immediately transferred to pre-labeled microcentrifuge tubes, and frozen in liquid nitrogen until further processing. Subsequently, after 12 h of food deprivation, all animals were anesthetized with pentobarbital sodium (35 mg/kg) and euthanized through cervical dislocation. Perirenal fat and epididymal fat were excised, weighed, and immediately frozen in liquid nitrogen. Figure 8 provides a schematic of the treatment schedule.
During the experiment, rats were weighed once weekly. The experiment ended on week 14, when fecal samples of all rats were collected, immediately transferred to pre-labeled microcentrifuge tubes, and frozen in liquid nitrogen until further processing. Subsequently, after 12 h of food deprivation, all animals were anesthetized with pentobarbital sodium (35 mg/kg) and euthanized through cervical dislocation. Perirenal fat and epididymal fat were excised, weighed, and immediately frozen in liquid nitrogen. Figure 8 provides a schematic of the treatment schedule. Figure 8 . A schematic diagram of the experimental treatment schedule. All rats except normal control (NC) rats were raised on an HFD for 8 weeks. Obese rats (body weight >20% higher than in NC rats) were then divided into three groups: HFD (high-fat diet), HFD + SIM (high-fat diet with simvastatin), and HFD + POP (high-fat diet with Polygonatum odoratum polysaccharides). All rats were gavage-dosed once per day for six consecutive weeks (weeks 8-14).
Biochemical Analysis
TG and TC contents in liver were measured with a BS-200 full automatic biochemical analyzer (Shenzhen Mindray Co., Shenzhen, China) using corresponding reagent kits and following published protocols [61] .
SCFA Analysis in Feces
Fecal SCFAs were measured using gas chromatography, following a previously described method [61] , with some modification. Fresh fecal samples (0.5 g) were diluted in 1 mL of 10% perchloric acid. After shaking for 30 min, the mixture was centrifuged multiple times at 12,000× g and 4 °C for 15 min, until the supernatant was clear. After filtering through syringe filters (45 µm diameter), the supernatant was injected into an Agilent 6890 N gas chromatography equipped with a flame ionization detector (FID), high-resolution gas chromatography column (DB-FFAP, 30 m × 0.25 mm × 0.25 µm), and N10149 automatic liquid sampler (Agilent, Santa Clara, CA, USA). The amount of acetic acid, propionic aid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid in each sample was quantified using external calibration curves. Figure 8 . A schematic diagram of the experimental treatment schedule. All rats except normal control (NC) rats were raised on an HFD for 8 weeks. Obese rats (body weight > 20% higher than in NC rats) were then divided into three groups: HFD (high-fat diet), HFD + SIM (high-fat diet with simvastatin), and HFD + POP (high-fat diet with Polygonatum odoratum polysaccharides). All rats were gavage-dosed once per day for six consecutive weeks (weeks 8-14).
Biochemical Analysis
SCFA Analysis in Feces
Fecal SCFAs were measured using gas chromatography, following a previously described method [61] , with some modification. Fresh fecal samples (0.5 g) were diluted in 1 mL of 10% perchloric acid. After shaking for 30 min, the mixture was centrifuged multiple times at 12,000× g and 4 • C for 15 min, until the supernatant was clear. After filtering through syringe filters (45 µm diameter), the supernatant was injected into an Agilent 6890 N gas chromatography equipped with a flame ionization detector (FID), high-resolution gas chromatography column (DB-FFAP, 30 m × 0.25 mm × 0.25 µm), and N10149 automatic liquid sampler (Agilent, Santa Clara, CA, USA). The amount of acetic acid, propionic aid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid in each sample was quantified using external calibration curves.
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA from adipose tissues was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). An ND-1000 UV-vis spectrophotometer (NanoDrop Ltd., Waltham, MA, USA) was then used to evaluate RNA concentration and integrity. First-strand cDNA synthesis from RNA was performed using a PrimeScript TM RT reagent kit (TaKaRa, Kyoto, Japan). Next, qRT-PCR was performed in triplicate using SYBR ® Premix EX Taq (TaKaRa), following the manufacturer's protocol. Relative quantification was calculated using the 2 −∆∆Ct method. Primer sequences (Table A3) targeted the following rat genes: Ppara, Pparg, Fas, Srebf1, Atgl, Fabp4, Cebpa, and Cebpb.
Western Blotting
Adipose tissues (100 mg) were homogenized in 1 mL RIPA buffer containing the protease inhibitor cocktail Complete EDTA free (Roche, Penzberg, Germany) and phosphatase inhibitor Cocktail PhosSTOP (Roche). Protein concentration was determined with an enhanced BCA protein assay kit (P0010, Beyotime Biotechnology, Shanghai, China). Samples were denatured at 100 • C for 5 min and stored at −80 • C until needed for western blotting. To detect target proteins, the following primary antibodies were used: PPARγ (sc-271392, Santa Cruz Biotechnology, Santa Cruz, CA, USA, diluted 1:200), FABP4 (sc-374588, Santa Cruz Biotechnology, diluted 1:200), and β-actin (60008-1-Ig, Proteintech, Chicago, IL, USA, diluted 1:10,000). PPARγ and FABP4 protein levels in experimental groups are presented as fold changes relative to the average NC value.
Histology Analysis
Epididymal fat tissues isolated from rats in the four experimental groups were washed with saline, fixed in 4% paraformaldehyde, embedded in paraffin (SVA, Uppsala, Sweden), and sectioned (5 µm).
Sections were then stained with hematoxylin and eosin for observation under an optical microscope. ImageJ (National Institutes of Health, Bethesda, MD, USA) was used to estimate adipose cell size.
Gut Microbiota Analysis
Total DNA was isolated from fecal samples using a DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's protocol. The 515F-806R primer set was used to amplify the 16S rRNA gene containing the V4 variable region. The reaction mixture (50 µL) contained 25 µL NEB Phusion High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), 0.5 µM of each primer, and 30 ng of template. Thermocycling procedures were as follows: pre-denaturation at 98 • C for 3 min; followed by 30 cycles of 98 • C for 45 s, 55 • C for 45 s, and 72 • C for 45 s; and a final extension for 7 min at 72 • C. Amplicons were purified with AmpureXPbeads (Agencourt, Beckman Coulter, Brea, CA, USA). The final library was quantified using the Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA), then sequenced on an Illumina HiSeq 2500 to generate 250-bp paired-end reads. The raw reads were quality-filtered and merged using the following criteria [62] : (1) Raw reads were truncated at any site that gave rise to an average quality score <20. (2) Reads contaminated by adapter, ambiguous bases (N base) and more than 10bp bases of homopolymer were removed by BGI's internal process. The remaining reads are overlapped to tags by Fast Length Adjustment of Short reads (FLASH, v1.2.11) (Baltimore, MD, USA), which were clustered into OTUs based on Ribosomal Database Project (RDP) [63] by UPARSE (Tiburon, CA, USA) with a 97% similarity cutoff [64] . Alpha diversity (Shannon's and Simpson's indexes), richness (Ace, observed species, and Chao1), and rarefaction curve analyses were performed by Mothur (v1.31.2) (Ann Arbor, MI, USA). UniFrac-based PCoA was performed by QIIME (v1.8.0) (Boulder, CO, USA).
Statistical Analysis
Unless otherwise stated, all data are presented as means ± SEM. The statistical significance of differences between groups was evaluated by one-way analysis of variance (ANOVA) followed by Tukey's test using SPSS 21 software (IBM, Armonk, NY, USA). The statistical significance of the separation among treatment groups in the PCoA score plots was assessed using multivariate analysis of variance (MANOVA) according to UniFrac matrix differences. Differences in the relative abundances of OTUs were assessed using the Mann-Whitney test by the R package. (v3.1.1) (University of Auckland, Auckland, New Zealand). Spearman's correlation analysis was used to determine the relationship between OTUs and obesity parameters. Furthermore, adjusted p-values obtained based on the false discovery rate (FDR) were used to evaluate differences in differential abundance. A value of p < 0.05 was considered to be significant in this work.
Accession Number
The sequences have been deposited in the NCBI Sequence Read Archive Database under accession number SUB4662722.
Conclusions
In conclusion, POP supplementation attenuated body weight gain, epididymal and perirenal fat accumulation, and liver TG and TC levels in HFD-fed obese rats. These effects were associated with the regulation of lipid metabolism-related gene expression in adipocytes. Furthermore, structural alterations of the gut microbiota induced by HFD treatment were modulated by POP and may be associated with the POP's anti-obesity activity. The present study further identified 28 key OTUs that were negatively or positively associated with obesity parameters and that may play a key role in preventing the occurrence and development of obesity. Taken together, our results demonstrate that the anti-obesity effects of POP may be related to modulation of the gut microbiota. 1 Ppara = peroxisome proliferator-activated receptor α; Pparg = peroxisome proliferator-activated receptor γ; Fas = fatty acid synthase; Srebf1 = sterol regulatory element-binding transcription factor 1; Atgl = adipose triglyceride lipase; Fabp4 = fatty acid binding protein 4; Cebpa = CCAAT/enhancer-binding protein alpha; Cebpb = CCAAT/enhancer-binding protein beta. 2 The reference sequence number is given for primers whose source is the National Center for Biotechnology Information (NCBI) GenBank database (http://www.ncbi.nlm.nih. gov/genbank/).
